In plants, MADS domain transcription factors act as central regulators of diverse developmental pathways. In Arabidopsis thaliana, one of the most central members of this family is SEPALLATA3 (SEP3), which is involved in many aspects of plant reproduction, including floral meristem and floral organ development. SEP3 has been shown to form homo and heterooligomeric complexes with other MADS domain transcription factors through its intervening (I) and keratin-like (K) domains. SEP3 function depends on its ability to form specific protein-protein complexes; however, the atomic level determinants of oligomerization are poorly understood. Here, we report the 2.5-Å crystal structure of a small portion of the intervening and the complete keratin-like domain of SEP3. The domains form two amphipathic alpha helices separated by a rigid kink, which prevents intramolecular association and presents separate dimerization and tetramerization interfaces comprising predominantly hydrophobic patches. Mutations to the tetramerization interface demonstrate the importance of highly conserved hydrophobic residues for tetramer stability. Atomic force microscopy was used to show SEP3-DNA interactions and the role of oligomerization in DNA binding and conformation. Based on these data, the oligomerization patterns of the larger family of MADS domain transcription factors can be predicted and manipulated based on the primary sequence.
INTRODUCTION
The astonishing diversity of all complex organisms relies on the evolutionary co-option of developmental pathways present in simpler ancestral phyla. Changes in genes that regulate development, and the transcription factors (TFs) they encode, are at the advent of this new functionality. Events such as gene duplications, deletions, mutations, domain swapping, fusions, and fixation via selection or random drift change the activity of the encoded TFs, resulting in alterations in downstream pathways, thus providing a basis for morphological diversity and increased complexity. The MADS box genes are an example of a family of developmental regulatory genes present in all eukaryotes that have dramatically diversified during evolution and have undergone a particularly large lineage expansion in plants (Münster et al., 1997; Alvarez-Buylla et al., 2000; Becker et al., 2000; Theissen et al., 2000; Soltis et al., 2002; Becker and Theissen, 2003; De Bodt et al., 2003a , 2003b Gramzow et al., 2010; Melzer et al., 2010) . Diversification of plant MADS domain TF function has been achieved by adding dimerization and tetramerization domains to the basic DNA binding machinery, allowing the precise regulation of a plethora of distinct developmental processes.
The MADS box family, with representatives in protists, fungi, animals, and plants, is named for the founding members: MCM1 from yeast (Saccharomyces cerevisiae), AGAMOUS (AG) from Arabidopsis thaliana, DEFICIENS from snapdragon (Antirrhinum majus), and SRF from Homo sapiens (Schwarz-Sommer et al., 1990) . Data from whole-genome sequencing and computational homology searching suggest that the MADS domain evolved from a coding region of DNA-topoisomerase II via a duplication event in the lineage that led to the most recent common ancestor of extant eukaryotes (Gramzow et al., 2010) . Based on sequence homology and preferred DNA sequence and conformation, the MADS domain TFs fall into two distinct lineages: type I (SRF-like) and type II (MEF2-like) (Alvarez-Buylla et al., 2000) . Both types recognize a similar CArG-box consensus sequence, CC(A/T) 6 GG (Pollock and Treisman, 1990) and CTA(A/T) 4 TAG (Pollock and Treisman, 1991) , respectively, with additional specificity due to the flanking regions of the consensus sequence.
In plants, the type I MADS box genes are compartmentalized into one or two exons encoding the MADS DNA binding domain and an ancillary and highly variable C-terminal domain. The type I TFs do not have well-defined, plant-specific domains, and relatively little is known about their dimerization and DNA binding specificity in planta. In contrast, the type II genes comprise an average of seven exons and contain three plant-specific domains that are seminal for their expanded role in plant development (Rounsley et al., 1995; Theissen et al., 1996; Egea-Cortines et al., 1999) . In addition to the MADS DNA binding (M) domain, the type II TFs contain the intervening (I) domain, keratin-like coiled-coil (K) domain, and C-terminal (C) domain (Theissen et al., 1996; Kaufmann et al., 2005) ( Figure 1A ). The I domain plays a role in dimer formation and specificity (Masiero et al., 2002) , the K domain is important for both dimerization and tetramerization (Yang et al., 2003; Yang and Jack, 2004) , and the C domain, a highly variable and largely unstructured domain based on secondary structure prediction, is important in some proteins for transactivation and higher order complex formation (Egea-Cortines et al., 1999; van Dijk et al., 2010) . The addition of these ancillary domains, which are not present in protist, animal, or fungal MADS TFs, allows the plant type II MADS TFs (also called MIKC-type after their conserved domain structure) to form different homo-and heterodimeric and tetrameric complexes with other MADS domain proteins. The choice of partners and the cellular context of these complexes are responsible for triggering specific developmental processes. The functional consequence of this can be seen, for example, in the class A, B, C, D, and E floral homeotic genes whose encoded MADS domain TFs determine the correct formation of sepals, petals, stamens, ovules, and carpels (Theissen and Saedler, 2001) .
Floral organ development depends of the combinatorial activity of class A-E MADS box genes whose overlapping expression patterns determine the identity of all the floral organs. This is postulated to occur via the assembly of organ-specific tetrameric MADS domain protein complexes ("floral quartets") that are able to bind two DNA sites in the regulatory regions of target genes, causing a DNA loop and resulting in target gene expression or repression and thus determining developmental fate (Theissen and Saedler, 2001; Smaczniak et al., 2012) . As revealed by extensive genetic experiments, the class E genes are necessary for the formation of all floral organs . The most promiscuous member of the E class in terms of interaction propensity is SEPALLATA3 (SEP3); based on yeast two-hybrid screening, it has been shown to form over 50 different complexes, including complexes with all other homeotic type II MADS domain TFs (Immink et al., 2009 ). However, the atomic level determinants for complex formation and specificity are not well understood.
In order to elucidate the rules governing MADS domain TF complex formation, structural characterization of the oligomerization domains of the proteins is critical. Here, we report the 2.5-Å crystal structure of a small portion of the I domain and complete K domain from Arabidopsis SEP3, mutagenesis studies of the tetramerization interface of the SEP3 K domain, and atomic force microscopy (AFM) experiments demonstrating looping of target DNA by the fulllength SEP3 protein.
RESULTS
In order to find soluble and well-expressing constructs of the MADS domain TF, SEP3, we performed library screening of ;3000 constructs using the ESPRIT random library method, which identifies well-expressing soluble domain constructs in poorly annotated regions (Tarendeau et al., 2007; Yumerefendi et al., 2010) . The construct comprising residues 75 to 178 (SEP3 75-178 ) was selected for further studies (Acajjaoui and Zubieta, 2013) (Figure 1B ). This construct contained the complete K domain (91 to 173) and overlapped a portion of the I domain (residues 75 to 90) and the C domain (residues 174 to 178).
The protein was purified via affinity chromatography and gel filtration as a mixture of tetramer and dimer. The protein exhibited a small degree of concentration-dependent oligomerization, with the higher molecular weight peak corresponding predominantly to a tetrameric species. This peak was concentrated and used for all crystallization trials. While it is likely that the protein reequilibrated to a mixture comprising dimers and tetramers, this did not impede crystallization. SEP3 75-178 crystals grew in space group P2 1 2 1 2 with diffraction to 2.5 and 3.2 Å for the native and seleno-methionine (A) SEP3 sequence colored by domain, with the M domain in green, the I domain in yellow, the K domain in blue, and the C domain in pink. The domain structure is depicted schematically below the amino acid sequence. (B) Sequence of the SEP3 75-178 construct used for all crystallization studies spanning a portion of the I domain, the complete K domain, and a portion of the C domain. (C) Sequence of the SEP3 1-110 construct used in the AFM studies.
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The Plant Cell derivatized protein, respectively. Final data collection and refinement statistics are summarized in Table 1 . The protein crystallized with four monomers per asymmetric unit, with the tetrameric biological unit, a dimer of dimers, formed via a crystallographic 2-fold rotation. Residues 83 to 175 (monomer A), 83 to 177 (monomer B), 88 to 178 (monomer C), and 93 to 175 (monomer D) were clearly visible in the electron density (Figure 2 ). Disordered N-and C-terminal residues were not modeled. Each monomer folded into two long amphipathic alpha helices (helices 1 and 2) with a kink of ;90°between helices ( Figure 3A) . Helices 1 and 2 comprise leucine zipper-like heptad repeats (abcdefg) with hydrophobic residues at the a and d positions and charged residues at the e and g positions. Each monomer in the asymmetric unit associates with a partner via interactions mediated by the C-terminal portion of helix 2. Helix 1 intermolecular interactions occur upon a 2-fold rotation and provide an extensive interface comprising all of helix 1 and the N-terminal residues of helix 2. The kink region between helices 1 and 2 breaks the canonical heptad repeats, preventing a single leucine zipper from forming ( Figure 3B ). This glycine-and proline-rich kink region (residues 117 to 127; Gly-117, Gly-121, and Pro-122) forces the two helices apart and is stabilized by extensive intramolecular hydrophobic interactions of multiple leucine residues ( . Further stabilization of the kink region is provided by hydrogen bonding interactions between Glu-127 and Ser-124 and a salt bridge between residues Arg-113 and Glu-118. This configuration, comprising both hydrogen bonding interactions and hydrophobic packing, not only impedes self-association into a monomeric intramolecular coiled-coil but also hinders the dimerization of monomers into a single leucine zipper fold. Thus, each monomer presents two distinct amphipathic helices that are able to act independently during oligomerization.
Dimer Interface
Interactions between the N-terminal helices (helix 1) of two partner monomers result in the formation of a left-handed coiledcoil, with the C-terminal helices (helix 2) oriented 180°apart, precluding intramolecular association of these regions from the same dimer. The coiled-coil of helix 1 comprises two heptad repeats of tyrosine and leucine 98-YxxLxxxYxxLxxx-111 forming a large hydrophobic interaction surface. In addition, three pairs of salt bridges are formed between partner monomers of helix 2 comprising residues Glu-129/Arg-146, Glu-132/Arg-146, and Asp-136/Arg-143 ( Figure 3C ), further stabilizing the dimer interface which buries over 3000 Å 2 (17% of the total accessible surface area of the dimer), as calculated with AREAiMOL (Lee and Richards, 1971; Winn et al., 2011) . The DNA binding MADS domain (residues 1 to 58) and a short portion of the I domain (residues 59 to 74) were removed in the construct used for crystallization. Based on homology to the structurally characterized mammalian (Pellegrini et al., 1995; Santelli and Richmond, 2000) and yeast (Tan and Richmond, 1998 domains, the M domain of SEP3 would fold into a functional and intertwined dimer in a similar manner, as these domains are evolutionarily highly conserved across kingdoms. Indeed, the M domain is only competent to bind DNA as a dimer. The presence of the MADS domain adjacent to the coiled-coil of helix 1 would act to further stabilize the dimeric conformation seen in the crystal structure described here.
Tetramer Interface
In the dimeric arrangement formed via the coiled-coil interactions of helix 1, the glycine-proline kink between helices 1 and 2 forces the two C-terminal helices 180°apart and requires the presence of a second MADS dimer with the same arrangement of amphipathic helices to form the tetramer (Figures 3 and 4) . Thus, two homodimers of SEP3 K domain are able to associate into a tetramer primarily due to hydrophobic interactions of helix 2. Residues (150-MxxxLxxLxxxxxxLxxxxxxL-171) form an interacting hydrophobic surface and bury a total of 2700 Å 2 (;9% of the total surface area of the tetramer). A salt bridge between Lys-160 and Glu-161 and a hydrogen bond between Thr-167 and Asn-168 of its partner help lock the helices 2 together, although the tetramerization interface formed via helix 2 is much less extensive than that of the dimer formed via helix 1 (Figure 4 ). In addition to the helix 2 interactions, the 2-fold crystallographic axis of the dimer-dimer interface is rich in charged residues and forms an extensive water-mediated hydrogen bonding network that may further stabilize the tetramer ( Figure 3D ). In order to investigate the importance of the hydrophobic residues of the tetramerization interface formed by helix 2, sitedirected mutagenesis was performed. Interestingly, the protein was highly sensitive to even a single alanine mutation in this region. Point mutations dramatically abrogated tetramer formation, as observed by gel filtration experiments, with M150A, L154A, and L171A all showing impaired tetramerization versus the wild-type construct, with the dimeric species dominating even at relative high protein concentrations of 10 to 13 mg/mL ( Figure 5 ). In addition to the methionine and leucine mutants, a truncation mutant comprising residues 75 to 149 (Sep3 75-149 ) showed no tetramer formation, as would be predicted by the removal of helix 2. (D) View down the 2-fold crystallographic axis that forms the tetramerization interface. The intermolecular water-mediated hydrogen bonding network is shown. Residues are depicted as sticks and colored by atom, water molecules are in dark blue, and residues labeled for a single monomer for clarity.
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We also investigated three natural alternate splice variants of SEP3 based on contemporary TAIR annotations (www.arabidopsis. org), despite a previous report identifying only two SEP3 splice variants (Severing et al., 2012) . These splice variants differ in the K domain. The additional splice variants deviate from the wild-type sequence (crystallized in this study) due to an alternate 39 splicing donor site producing a valine deletion in helix 1 at position 90 (SEP3 DV90 ) or a 14-amino acid deletion in helix 2 from skipping of exon 6 (SEP3 D161-174 ). Gel filtration experiments showed little change in oligomerization state between the wild-type and splice variant SEP3 DV90 , with the DV90 protein forming primarily tetrameric species in solution. This would be expected as V90 is in a region of the crystallized construct that does not contribute to the dimer or tetramer interfaces. However, splice variant SEP3 D161-174 was completely dimeric, as determined by gel filtration and confirmed by light scattering experiments ( Figure 5 ). Based on these mutagenesis experiments and the characterization of natural splice variants, tetramerization is easily perturbed by changes in the hydrophobic Crystal Structure of SEPALLATA3 5 of 13 residues in helix 2 of the K domain. This sensitivity may have physiological relevance due to the presence of a natural splice variant that lacks the capacity to homotetramerize and would likely have impaired heterotetramerization based on the highly conserved nature of repeating hydrophobic residues in helix 2 for representative homeotic MADS TFs ( Figure 4A ). Conservative changes in helix 1 N-terminal to the dimerization interface do not have the same dramatic effect on oligomerization, likely due to the more extensive protein-protein contacts, as noted for the SEP3 DV90 variant with its similar elution profile to that of the wild-type construct. However, as the construct used in crystallization lacks the M domain and the complete I domain, additional interactions in the I domain may be present, which further stabilize the dimer interface and cannot be ruled out.
DNA Binding Domain Models
The crystallized construct starts after the N-terminal DNA binding M domain (residues 1 to 58) and lacks a portion of the I domain (residues 59 to 74). Structural data are available for the M domain of the mammalian proteins Myocyte-specific enhancer factor 2A (MEF2A) (Perry et al., 2009; Wu et al., 2010; He et al., 2011) and serum response factor (SRF) (Pellegrini et al., 1995; Hassler and Richmond, 2001; Mo et al., 2001 ) and the fungal protein Minichromosome maintenance protein 1 (MCM1) (Tan and Richmond, 1998) , which are all obligate dimers. Based on homology to the structures of MEF2A and SRF M domains (sequence identity of 58 and 47%, respectively, over residues 1 to 58), composite structures of SEP3 encompassing the MIK domains were modeled ( Figure 6 ). The available structural data for the MADS TFs includes residues C-terminal to the M domain, the MEF domain (for MEF2A, residues 60 to 89) (He et al., 2011) , and the SAM (SRF/Arg80/MCM1) domain (for SRF, residues 198 to 227) (Pellegrini et al., 1995) . The I domain present in SEP3 bears little sequence similarity to the MEF or SAM domains, but these domains have approximately the same number of amino acids as the I domain and, in the case of the MEF domain, are intrinsically folded into the M domain. The crystal structure of MEF2A (PDB code 3KOV) in complex with DNA has a third beta strand that extends the beta sheet of the M domain and an additional alpha helix. This fold positions the N and C termini of the MADS/MEF domain on the same face as the bound DNA. The MADS/MEFfold modeled onto SEP3 would force a configuration in which the DNA is clamped between helices 1 of the dimer in a conformation resembling a bZIP TF (Hurst, 1995; Vinson et al., 2006) . However, helix 1 does not have a series of basic residues to help stabilize the DNA. As shown in Figure 6B , left, steric clashes with the bound DNA would force the coiled-coil of helix 1 apart, disrupting the coiled-coil and, in order for the DNA to bind, at least a partial unfolding of the structure would be necessary, making this conformation unlikely. The SRF structure, which includes 25 residues C-terminal to the M domain (residues 198 to 222), lacks the third beta strand present in the MEF2A structure and terminates with an alpha helix positioned opposite the DNA binding surface. This structure is compatible with the K domain fold of SEP3 as shown in the composite model, with the two DNA binding domains distally oriented on the rigid helical arms of the IK domains via a random coil. Secondary structure predictions (Jones, 1999) for residues 59 to 74 of the I domain predict an alpha helical stretch (63 to 73) followed by a random coil, which is similar to the SRF structural model ( Figure 6B , right).
AFM Studies of SEP3
An important aspect of the putative activity of SEP3, and the plant MADS TFs in general, is their ability to form tetramers in the context of DNA binding. Tetramer formation is able to purportedly loop DNA, which has been shown indirectly through gel shift assays ) and more recently through tethered particle motion (Mendes et al., 2013) . In order to determine more directly whether the homotetramerization observed in the crystal structure for SEP3 could occur in the context of protein-DNA complexes, AFM experiments were performed using the full length GST-SEP3 protein and a truncated version (SEP3 1-110 ), which has the DNA binding domain but lacks the K-domain necessary for tetramerization ( Figure 1C ). The inclusion of a 6-His/glutathione S-transferase (GST) tag for the full-length protein resulted in a more easily purified construct that showed a lower propensity for aggregation versus the cleaved protein. The truncated SEP3 1-110 did not show the same propensity for aggregation and the 6-His tag was cleaved prior to AFM studies. Based on previous studies predicting the binding of a SEP3 homotetramer to two adjacent CArG boxes in the SUPPRESSOR OF CONSTANS1 (SOC1) promoter region (SEP3 is able to act as a repressor of SOC1 expression) (Muiño et al., 2014) , we used a 1-kb fragment from this promoter comprising two CArG boxes that are separated by 93 bp. Depending on the concentration of SEP3 used (;2 to 5 nM or 10 to 15 nM), the protein was able to bind either 1 or 2 CArG box sites. At higher protein concentrations with two CArG boxes bound, intramolecular DNA looping was observed as well as intermolecular associations, offering direct in vitro evidence of DNA looping by SEP3 homotetramers (Figure 7 ). Attempts to form DNA loops with longer spacing between CArG boxes were unsuccessful, suggesting an optimum spacing of binding sites is necessary for looping to occur. As a control, SEP3 1-110 , which lacks the keratinlike domain and is thus unable to tetramerize, was used to test whether DNA looping was due to tetramer formation. Even at high protein concentrations (25 nM), in which nonspecific protein-DNA binding occurred, no DNA looping was observed (Figure 7 ; Supplemental Figures 1B to 1D ). Attempts to purify the tetramerization point mutants and splice variants for the fulllength construct with a variety of tags were unsuccessful due to poor recombinant overexpression and extensive aggregation of the proteins. As GST is known to dimerize, we cannot exclude that the tag helps stabilize the M domain in the GST full-length construct. However, it is unlikely that the N-terminal GST tag interferes with the tetramerization interface of SEP3 and consequently will not play a role in the tetramer-dependent DNA looping reported here.
DISCUSSION
The plant type II MADS domain TFs (MIKC-type proteins) have acquired an ancient DNA binding domain and elaborated on it through the addition of a coiled-coil domain, the keratin-like domain. Coiled-coil domains are ubiquitous modules that allow proteins to increase their functionality by providing proteinprotein interaction surfaces (Mason and Arndt, 2004) . By presenting two amphipathic alpha helices that are capable of forming intermolecular coiled-coils, the MADS TFs have obtained a versatile oligomerization interface, which allows for homo-and heterodimers and tetramers with other K domain-containing MADS TFs. Through a hydrophobic kink region that orients helices 1 and 2 ;90°apart, self-association is prevented and each helix can act independently during oligomerization, thus increasing the potential diversity of complexes formed. (A) Partial sequence alignment of SEP3 from Arabidopsis, MEF2A from H. sapiens, and SRF from H. sapiens. The M domains span residues 1 to 58 of SEP3, residues 1 to 59 of MEF2A, and residues 141 to 197 of SRF. The SEP3 I domain (59 to 90), MEF domain (residues 60 to 89), and SRF SAM domain (198 to 227) were included in the structure-based sequence alignment. Helices are depicted as red cylinders, random coils as blue lines, and beta sheets as green arrows with the MEF2A secondary structure elements above and the SRF secondary structure elements below.
(B) Alternate composite models of SEP3 MIK domains using the structure of MEF2A residues 1 to 89 (PDB 3KOV), left, and the structure of SRF structure residues 141 to 227 (PDB 1SRS), right. The DNA binding site is located at the distal extremes of the tetramer based on the SEP3 75-178 (I and K domains) structure determined here. The SEP3 structure is displayed as a surface colored by monomer and the MEF2A (left) or SRF (right) structure as a cartoon with protein in light and dark gray and DNA in orange and blue. The model with MEF2A requires an opening of helix 1 of the SEP3 K domain to accommodate the DNA.
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The oligomerization patterns of the MADS TFs have profound implications in downstream developmental processes. As highlevel regulators, the MADS TFs trigger the expression or repression of thousands of target genes. For example, based on ChiP-seq (chromatin immunoprecipitation followed by high-throughput sequencing) studies, over 4000 binding sites and over 3000 potential target genes have been identified for SEP3 (Kaufmann et al., 2009 ). These targets are not only SEP3 homooligomer targets, but rather targets of SEP3 and all its possible multiprotein complexes. The activity of SEP3, and by extension other MADS 
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The Plant Cell domain TF family members, is due largely to its ability to interact with different partners through a highly adaptable K domain. Helices 1 and 2 have repeating series of hydrophobic residues that provide hydrophobic interaction surfaces for dimer and tetramer formation. These residues are well conserved in the SEP class of MADS domain TFs but are more variable in other MADS domain TF classes ( Figure 4A ). The differences in hydrophobic amino acids help to account for the promiscuous activity of the SEP proteins by providing a versatile and plastic interaction surface for different partners. Alterations in this pattern will potentially destabilize protein-protein interactions, resulting in changes in heterocomplex formation. The dimerization and tetramerization interfaces identified in the structural studies presented here are likely conserved in the formation of heterooligomers of the MADS TFs and determine the relative stability of the final MADS protein complex. For example, based on amino acid substitutions Y98K and L115R in APETALA3 (AP3) ( Figure 4A ), homodimerization would be disfavored. AP3 forms an obligate heterodimer with PISTILLATA (PI), and this is likely due to compensatory amino acid substitutions, specifically Y98I (numbering for SEP3), which would be able to accommodate the aliphatic portion of the AP3 lysine residue. A bulky tyrosine residue present in SEP3 would be disfavored at this position, leading to preferential AP3/PI heterodimerization versus a SEP3/AP3 heterodimer. Likewise, PI has a number of leucine-to-isoleucine and valine substitutions in the hydrophobic residues predicted to be important for coiled-coil formation. This may lead to subtle destabilization of a PI homodimer and the preferential formation of an AP3/PI heterodimer. Additional interactions, such as hydrogen bonding or salt bridge formation between residues flanking the hydrophobic positions, may also play a significant role in complex stabilization; however, these interactions are more difficult to identify based on the limited structural data for SEP3. Thus, the MADS TFs likely form very dynamic complexes that exist in complex equilibria. Relatively weak hydrophobic interactions, which are highly sensitive to even conservative amino acid substitutions, lead to sufficient stabilization or destabilization of functionally important complexes resulting in downstream gene activation or repression. By examining the changes in amino acids at the positions identified from the structure as critical for oligomerization, the likelihood of direct interaction between MADS TFs in planta, assuming they are expressed in the same temporal and spatial manner, can be predicted. These data identify "hot spots" of dimerization and tetramerization interactions and will allow highly targeted point mutations to critical residues. Mutagenesis studies, in conjunction with yeast two-hybrid screening and forward genetics, will be critical for fully elucidating how the complicated oligomerization patterns of the MADS TFs are determined at the amino acid level. This structural work provides an important foundation for these further studies.
While the dimeric arrangement of the MADS domain TFs buries much more surface area and encompasses both helix 1 and a portion of helix 2 of the K domain, the tetramerization interface is limited to the C-terminal portion of helix 2 and a water-mediated hydrogen bonding network along the dimer 2-fold axis. Based on gel filtration studies of the isolated oligomerization domain, homotetramerization of SEP3 is relatively weak and easily perturbed by point mutations in the hydrophobic patches of helix 2 (M150A, L154A, and L171A). This suggests three possible explanations: (1) heterotetramerization is much stronger than the homotetramerization observed here, (2) tetramerization of the MADS domain TFs in general is relatively weak and of functional consequence only in the context of DNA binding, or (3) additional cofactors are necessary to stabilize MADS tetrameric complexes in planta. Due to the observed dimer-tetramer equilibrium even at high micromolar protein concentrations, the limited tetramerization interface and the sensitivity of tetramerization to even single alanine mutations, it is doubtful that tetramers of SEP3 are the dominant species present at physiological concentrations. Based on sequence alignments of MADS domain TF K domains ( Figure 4A) , it is unlikely that heterotetramerization will lead to greater tetramer stability as the residues involved in homo-and heterotetramerization are relatively well conserved. However, at high protein concentrations used in crystallization studies or when bound at appropriately spaced sites on DNA, homo-and/or heterotetramerization is much more liable to be significant. As shown in the AFM experiments described above, SEP3 is able to form tetrameric complexes and loop DNA when bound on adjacent sites on the same DNA strand or when higher protein concentrations are used during protein-DNA complex formation. Thus, strong tetramerization may not be required for in planta function. When two MADS dimers are located near each other either on adjacent DNA binding sites or on distal sites that come into close contact depending on chromatin conformation, for example, tetramerization could occur. This would enable the MADS TFs to act as a dynamic interaction network, exploiting chromatin events that temporarily bring distal bound MADS dimers together to enable tetramer formation, as well as forming tetramers when bound on adjacent sites on the DNA. This raises the intriguing possibility that multiple CArG boxes in the promoter regions of different genes could facilitate the formation of transcription factories (Sutherland and Bickmore, 2009 ) with the MADS domain TFs playing a role in recruiting different genes to these sites of transcription. The ability of the MADS TFs to regulate different developmental processes is likely contingent upon this dynamic oligomerization, with high affinity for dimerization and DNA binding and lower affinity for tetramerization, which is able to occur only under certain conditions. Additional cofactors may stabilize higher order complex formation and evidence suggests that the MADS TFs interact with other TF families as well as chromatin remodelers (Kaufmann et al., 2005; Smaczniak et al., 2012) . Thus, higher order complex formation may help to stabilize tetrameric MADS complexes and requires further investigation.
In addition to heterooligomerization, TFs increase their functional diversity through alternative splice variants. We demonstrate the dramatic in vitro effect of a natural splice variant, SEP3 D161-174 , with its inability to homotetramerize. This may have significant in planta effects. Recently, temperature-sensitive phenomenon due to alternate splicing events was demonstrated for the MADS gene MADS-AFFECTING FLOWERING2 (MAF2), a close relative of the key floral repressors FLOWERING LOCUS C (FLC) and FLOWERING LOCUS M (Rosloski et al., 2013) . MAF2 full-length protein and splice variants with truncations in the K domain show functional differences with respect to flowering time under cold conditions. Based on alignment with the structure of SEP3, splice variants of MAF2 with K domain truncations would retain the ability to bind DNA and Crystal Structure of SEPALLATA3 9 of 13 dimerize but would be unable to tetramerize. Thus, it is probable that alternate splicing in the MADS family profoundly affects many downstream processes and may play a key role in determining developmental fate. Indeed, the majority of characterized splice variants cluster to the I and K domains, suggesting a general method for increasing functional diversity via alterations in oligomerization state and/or oligomerization partners (Severing et al., 2012) . The structural data presented here help to provide a putative molecular basis for the observed phenotypes due to MADS splice variants. These data tie changes in in vivo function to changes in MADS TF oligomerization patterns due to alterations in primary sequence and provide a structural template for understanding and predicting oligomerization propensity of different MADS splice variants affected in the K domain. Plants have dramatically expanded the family of MADS box genes and co-opted these developmental regulatory genes for diverse processes. By fusing the I and K oligomerization domains to the DNA binding M domain, the repertoire of interacting partners is concomitantly increased in plants versus other eukaryotes. The formation of diverse homo-and heterodimers and tetramers is key to the in vivo function of the plant MADS TFs. Thus, the elucidation of the determinants of oligomerization is crucial for understanding the biological complexity and the evolution of plant species. This work provides the structure of the oligomerization domain of the MADS domain TF SEP3 and demonstrates in vitro DNA looping mediated by the full-length protein via tetramer formation. These data provide a foundation for understanding the molecular level determinants of dimerization and tetramerization in the larger family of plant MADS domain TFs.
METHODS

Strains and Plasmids
SEP3 were cloned into the expression vector pESPRIT2 (Hart and Tarendeau, 2006; Guilligay et al., 2008) using the AatII and NotI sites. The plasmid contains an N-terminal 6-His tag followed by a TEV protease cleavage site. SEP3 1-251 was cloned into the expression vector pETM-30 using the NcoI and XhoI sites. The plasmid has an N-terminal 6-His/GST tag followed by a TEV protease cleavage site. The SEP3 1-110 construct was cloned into the expression vector pET15b, which contains an N-terminal 6-His tag followed by a thrombin cleavage site. All mutants were generated from the SEP3 75-178 construct in the pESPRIT2 vector, and oligonucleotides for the mutants used for PCR are given in Supplemental Table 1 . Mutants based on SEP3 were generated according to the manufacture's protocol using Phusion polymerase. All SEP3 proteins were overproduced in Escherichia coli BL21 (DE3) CodonPlus RIL (Agilent Technologies) except the GST-SEP3 1-251 construct, which was overproduced in Rosetta 2 (Novagen).
Protein Expression and Purification
Cells were grown in Luria-Bertani medium in the presence of 50 mg mL 21 kanamycin and 35 mg mL 21 chloramphenicol at 37°C and 180 rpm. At an OD 600nm of 0.8, the temperature was lowered to 20°C and protein expression was induced with 1 mM isopropyl-b-D-1-thiogalactopyranoside. After 16 h, the cells were harvested by centrifugation at 6000 rpm and 4°C for 15 min. Cells were resuspended in 30 mM Tris, pH 8.0, 300 mM NaCl, 5 mM b-mercaptoethanol (b-ME), and 5% glycerol (v/v). Cells were lysed by sonication and the cell debris pelleted at 25,000 rpm and 4°C for 30 min.
The supernatant containing His-tagged SEP3 or His-tagged SEP3 was applied to a 5 mL Ni-NTA column preequilibrated with 30 mM Tris, pH 8.0, 300 mM NaCl, 5 mM b-ME, and 5% glycerol. The bound protein was washed with 30 mM Tris, pH 8.0, 1 M NaCl, 5 mM b-ME, and 5% glycerol and eluted with 30 mM Tris, pH 8.0, 300 mM NaCl, 5 mM b-ME, 5% glycerol, and 250 mM imidazole. Fractions of interest were pooled and dialyzed against 30 mM Tris, pH 8.0, 300 mM NaCl, 5 mM b-ME, and 5% glycerol in the presence of TEV protease overnight at 4°C to remove the polyhistidine tag. After depletion of the TEV protease and uncut protein over the same Ni-NTA column, the cleaved protein was concentrated to ;5 mg/ mL and applied to a size-exclusion FPLC column (Superdex 200 10/300 GL; GE Healthcare) preequilibrated with 30 mM Tris, pH 8.0, 300 mM NaCl, 2 mM TCEP, and 5% glycerol. SEP3 75-178 eluted as a mixture of tetramer and dimer and SEP3 75-149 eluted as a dimer based on gel filtration. Fractions of interest were pooled and concentrated to 10 to 15 mg/mL for crystallization. Seleno-methionine-derived protein was produced according to standard protocols (Doublié, 1997 ) and purified as above. All mutants were expressed and purified under the same conditions as wild-type protein.
Purification of GST-SEP3FL
GST-tagged, full-length SEP3 was grown in Rosetta 2 cells as above. After 16 h, the cells were harvested by centrifugation at 6000 rpm and 4°C for 15 min. Cells were resuspended in lysis buffer containing 50 mM Tris, pH 8.0, 1 M NaCl, 5 mM b-ME, 5% glycerol, 20% sucrose, 13 protease inhibitors (Roche), lysozyme (1 mg/mL), and benzonase (1 mg/mL). Cells were lysed by sonication, the cell debris removed via centrifugation at 25,000 rpm and 4°C for 15 min, and the supernatant applied to a 3-mL IDA column (Macherey-Nagel) preequilibrated with lysis buffer. The column was washed with 15 column volumes of wash buffer (50 mM Tris, pH 8.0, 300 mM NaCl, 5% glycerol, and 5 mM b-ME) and the protein eluted with wash buffer plus 300 mM imidazole. Fractions of interest were applied to a heparin column preequilibrated in buffer A (50 mM Tris, pH 8.0, 300 mM NaCl, 5% glycerol, and 2 mM TCEP). The protein was eluted using a linear gradient of 0 to 100% buffer B (50 mM Tris, pH 8.0, 1.2 M NaCl, 5% glycerol, and 2 mM TCEP). The protein eluted at ;30% buffer B. Fractions of interest were pooled, concentrated to 0.3 mg/mL, and applied to a sizeexclusion FPLC column (Superdex 200 10/300 GL) preequilibrated with 50 mM Tris, pH 8.0, 1.2 M NaCl, 5% glycerol, and 2 mM TCEP.
Purification of SEP3 1-110 SEP3 1-110 was grown in E. coli BL21 (DE3) CodonPlus RIL cells as above. After 16 h, the cells were harvested by centrifugation at 6000 rpm and 4°C for 15 min. Cells were resuspended in lysis buffer containing 30 mM Tris, pH 8.0, 300 mM NaCl, 5 mM b-ME, 5% glycerol, 13 protease inhibitors (Roche), lysozyme (1 mg/mL), and benzonase (1 µg/mL). Cells were lysed by sonication, the cell debris removed via centrifugation at 25,000 rpm and 4°C for 15 min, and the supernatant applied to a 3-mL IDA column (Macherey-Nagel) preequilibrated with lysis buffer. The column was washed with 15 column volumes of wash buffer (30 mM Tris, pH 8.0, 300 mM NaCl, 5% glycerol, and 5 mM b-ME) and the protein eluted with wash buffer plus 300 mM imidazole. Fractions of interest were applied to a heparin column preequilibrated in buffer A (30 mM Tris, pH 8.0, 300 mM NaCl, 5% glycerol, and 2 mM TCEP). The protein was eluted using a linear gradient of 0 to 100% buffer B (30 mM Tris, pH 8.0, 1 M NaCl, 5% glycerol, and 2 mM TCEP). Fractions of interest were pooled and dialyzed against 30 mM Tris, pH 8.0, 300 mM NaCl, 5 mM b-ME, and 5% glycerol in the presence of thrombin protease overnight at 4°C to remove the polyhistidine tag. After depletion of the thrombin protease using benzamidine sepharose and uncut protein over a Ni-NTA column, the cleaved protein was concentrated to ;10 mg/mL and applied to a size-exclusion FPLC column (Superdex 200 10/300 GL) preequilibrated with 30 mM Tris, pH 8.0, 300 mM NaCl, 2 mM TCEP, and 5% glycerol.
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The Plant Cell Electrophoretic Mobility Shift Assays DNA binding activity for SEP3 constructs was confirmed via EMSA assays. Briefly, a 150-bp oligomer comprising two CArG boxes from the SOC1 promoter DNA was PCR amplified using the following oligonucleotides: 59-CGTGTCTAAAGAGGCATTTG-39 and 59-CGATTAACAATTTTATCTCC-39 using the 1-kb SOC1 fragment from AFM studies as template. The forward PCR primer was labeled with TAMRA (Eurofins Genomics). The TAMRAlabeled DNA was run on a 1% agarose gel and purified using a gel purification kit (Qiagen). Protein and DNA were incubated at room temperature for 10 min in a buffer of 30 mM Tris, pH 8.0, and 300 mM NaCl. DNA concentration was held constant at 100 nM and protein concentration varied from 500 nM, 1 mM, 2 mM, and 4 mM for SEP3 1-110 and 500 nM, 1, 2, 3, 4, 5, 8, and 10 mM for full-length SEP3. DNA-protein complexes (fulllength SEP3 or SEP3 1-110 ) were run on a 5% polyacrylamide gel using Tris/ borate/EDTA buffer under nondenaturing conditions at 4°C then the gel scanned on a Typhoon scanner (GE Healthcare) (Supplemental Figure 1A) .
Multiangle Laser Light Scattering
The oligomerization state of SEP3 D161-174 , M150A, and L154A was determined by MALLS. Fifty microliters of the purified protein at a concentration of 5 to 10 mg/mL was loaded onto an S200 size-exclusion column (Superdex 200 10/300 GL) at a flow rate of 0.5 mL/min. The column was preequilibrated with 30 mM Tris, pH 8.0, 300 mM NaCl, 5 mM b-ME, and 5% glycerol and connected to a multiangle laser light scattering detector (DAWN HELEOS II; Wyatt Technology) and a refractive index detector (Optilab T-rEX; Wyatt Technology). The data were processed with ASTRA 6.0 software (Wyatt Technology). A theoretical molecular weight of 12 kD for the monomer was later used as reference for calculation of the oligomeric state.
Protein Crystallization
SEP3 75-178 at a concentration of ;10 mg/mL in 30 mM Tris, pH 8.0, 300 mM NaCl, 2 mM TCEP, and 5% glycerol was crystallized in 20 to 25% ethylene glycol using hanging drops at 4°C. Crystals of the selenomethionine-derivatized protein were grown under the same conditions as the native protein with micro seeding of the crystallization drops using crystals of the native protein. Crystals grew to dimensions of ;200 3 200 3 100 mm over 2 to 3 days. Crystals were harvested and cryo-cooled without further cryoprotection for data collection at 100K.
Data Collection, Processing, and Refinement
A native diffraction data set to 2.5 Å was collected at 100K on beamline ID14-4 of the ESRF in Grenoble, France. Indexing was performed using EDNA (Incardona et al., 2009 ) and the default optimized oscillation range and collection parameters used for data collection. The data set was integrated and scaled using the programs XDS and XSCALE (Kabsch, 2010) . Data for the seleno-methionine derivative was collected at the peak absorbance (1.07 Å, ID23-1, ESRF) to 3.18 Å, processed as for the native, and phasing was performed using SHELXD/E (Sheldrick, 2010) . Based on the obtained phases, a partial structure was built and used as a molecular replacement model for the higher resolution native data. The selenomethionine structure was not further refined. All data sets collected exhibited a high degree of anisotropy with reflections along the c-axis showing the poorest diffraction. Based on this, the data were processed through the UCLA MBI anisotropy server (Strong et al., 2006) and the optimized direction dependent resolution limits were used during refinement. This anisotropy accounts for the relatively low overall completeness of the data at 2.5 Å (77%), as a resolution cutoff of 3.5 Å was applied to the c-axis reflections. The map quality, R working , and R free statistics were dramatically improved after applying the corrected resolution limits based on analysis of the anisotropy. All refinements were performed using BUSTER (Bricogne et al., 2011) , and model building was performed in Coot (Emsley et al., 2010) . Final Ramachandran statistics were 97.73% preferred, 1.13% allowed, and 1.13% outlier. The outlier residues corresponded to Leu-116 in all monomers, which is in a highly kinked region of the protein.
AFM Measurements
A 1-kb linear fragment containing SOC1 promoter DNA was PCR amplified from Arabidopsis thaliana genomic DNA (ecotype Columbia) using the following oligonucleotides: 59-CCTGTGAGTAATACAACTATATTGG-39 and 59-GCGAAAATTAGATTAGTTTATATGATTATGTAC-39. The DNA comprised two noncanonical CArG boxes (CTATTTTTGG and CTTTTTTGG) separated by 93 bp. GST-tagged, full-length SEP3 and SOC1 promoter DNA were mixed at two different protein concentrations (2 to 5 nM and 10 to 15 nM) to 5 nM DNA in a buffer comprising 10 mM HEPES and incubated on ice for 15 min. For SEP3 1-110 /SOC1 protein-DNA complexes, protein concentrations were 5 and 25 nM to 5 nM DNA prior to dilution for imaging. The complexes were diluted in adsorption buffer (10 mM NiSO 4 and 10 mM HEPES, pH 7.0) to obtain a final DNA concentration of ;0.5 to 1 nM and deposited on freshly cleaved mica (Agar Scientific). The complex was adsorbed to the surface for ;10 min. The mica sheet was rinsed two to three times with imaging buffer (10 mM HEPES, pH 7.0) to remove unbound material and scanned under 200 mL of imaging buffer. MFP 3D and Cypher S atomic force microscopes (Asylum Research) were used with MSNL E and F (Bruker) and Biolever mini BL-AC40TS (Olympus) silicon nitride cantilevers, respectively. All images were acquired in tapping mode under liquid to minimize the friction force applied to the sample. The nominal tip radius for the MSNL probes was 2 and 9 nm for the BL-AC40TS probes. The resonance frequencies of the cantilevers in liquid were 8 to 9 kHz for the MSNL-E, 30 to 31 kHz for the MSNL-F, and 40 kHz for the BL-AC40TS. The cantilevers were excited with a conventional dither piezoelectric excitation imposed at the cantilever base. The free oscillation amplitude of the tip was set to 20 nm, and the images were acquired with an amplitude set point of 12 nm. Images were obtained at 256 3 256 pixels and 512 3 512 pixels with a scan size between 0.2 to 2 mm. The scan speed was set to one to two lines/s for the MSNL and three to four lines/s for the BL-AC40TS cantilevers. All images were processed using Gwyddion.
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL libraries under the following accession numbers: SEP3 (accession O22456), SEP2 (accession P29384), SEP1 (accession P29382), AP1 (accession P35631), AG (accession P17839), SOC1 (accession O64645), SHORT VEGETATIVE PHASE (accession Q9FVC1), FLC (accession Q5Q9J1), PI (accession P48007), and AP3 (accession P35632). Data necessary to validate protein structure determinations and modeling can be found in the Protein Data Bank under the following accession numbers: 4OX0 for SEP3 , 3KOV for MEF2A, and 1SRS for SRF.
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